ABSTRACT
INTRODUCTION
Over the years many studies have addressed human response to whole-body vibration 1.8. Some have used acceleration level at the driving point or subjective response in order to quantify annoyance, discomfort and risk for effects on health?'!'. Others have used acceleration, together with the dynamic force at the driving point, to determine some biomechanical measures, such as vehicle vibration with single direction vibration results. Selection criteria were used to avoid as many interfering parameters as possible, such as height and weight. The subjects were healthy, and their anthropometric data are shown in Table I . The signals from these transducers were fed to six identical charge amplifiers (Briiel & Kjar 2635) set for bypass in the frequency range of 0.2 to 100 Hz. The time histories were stored using a digital tape recorder (SONY PC208Ax). The sampling rate was set to 12 kHz. A digital system was used to transfer measurements to a computer (SONY PCIF250NI). Data was down sampled to 1024 Hz and the analysis was performed with LabView (Macintosh version 3.1.1).
The passenger seats at the back of the 8-seat minibus were removed and a "rigid" seat was mounted between the rear wheels. The centre of the seat was approximately 20 ern in front of the rear axle. No backrests or armrests were used in this investigation.
Measurement procedure
Two postures were used, sitting erect and relaxed. The former was defined as sitting upright with the hands resting on the knees, the later originated from the erect posture, where the subject was asked to relax and adopt a more comfortable sitting posture.
The measurements, lasting for 5 to 6 minutes were recorded after the subjects had adopted the erect posture. The driving surface was a snow covered gravel road, and the speed was maintained at approximately 50 krnh'. After the run the minibus turned around and travelled in the opposite direction, repeating the procedure for the relaxed posture.
Analysis
The calculation of the mechanical impedance (Z) was performed by power spectral density methods. First the cross power spectral density was calculated for the force (F) and velocity (v) and then divided by the power spectral density of the velocityv, Absorbed power (P Ab) was calculated by determining the cross power spectra for the force and velocity and then multiplying with the cosine of the phase'['. Acceleration was integrated to obtain the velocity. The chosen frequency range of the data was 1-20 Hz, because this is the most interesting area within the frequency domain.
The laboratory data which results from this study are compared with, were obtained during sinusoidal vibration excitation in erect and relaxed posture.
Frequencies from 1.13-100 Hz were used at different magnitudes. The lowest magnitude for each direction was used for comparison; vertical direction: 0.5 ms-2 nns' horizontal directions 0.25ms-2 nns" The same seat plate was used for the horizontal directionse" 41, while another design was used for the vertical direction 27 • 4o .
Absorbed power results from both field and laboratory measurements, as mentioned above, were normalised with the vibration magnitude (PNAbs)' The vibration magnitudes in figure I were used for the field results, and for laboratory results normalisation with 0.5 ms-2 for z direction and 0.25 ms?
nns rms for horizontal directions were used. The formula used was;
The formula was chosen because an earlier study-? found that absorbed power had a dependency of the vibration magnitude to the power of two. Similar results have also been reported by Mansfield and Griffin 43 for the z direction. No normalisation of the impedance results was performed, since no clear vibration magnitude dependency had been found in earlier studies'i''-". 
RESULTS
Figure 1 shows individual acceleration and force spectra for all subjects in both postures. The spectra indicate that the vibration was about the same in both driving directions. As can also be seen, the acceleration spectra indicate some peaks in vibration magnitude in the three directions. For the vertical direction, the frequencies which dominate the spectra are located at 1-4 Hz. For the horizontal directions, this area is located above about 14 Hz. Coherency functions for the three directions showed that there was a good coherence in the z direction while the coherency in the x and y directions was low, in the range 2-12 Hz (see the first row of figure 2 ). Due to the low coherency in the horizontal directions, coherency was also calculated for x force versus z acceleration (xF-z a) and y force and z acceleration (YF-za) (see the second row of figure 2 ). The coherency for xF-z a was higher in the frequency range 3-11 Hz than for xF-x a for all subjects. For xF-z a only one subject, subject B, showed a higher coherency compared to YF-Ya in the frequency area 5-10 Hz. Table I . 
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Individual results for normalised absorbed power and mechanical impedance for the z direction, in both the minibus and the laboratory studies, are shown in figure  3 . As can be seen, the absorbed power for the field measurement shows good resemblance with the laboratory results. There is, however, an indication of higher absorbed power in the frequency range [8] [9] [10] [11] [12] [13] [14] [15] Hz. Field data show the same pattern as laboratory data in some aspects. The peak frequency is lower but peak absorbed power is higher for relaxed posture compared to erect. An exception is for subject A, where the peak relaxed posture frequency is higher than for erect posture.
In figure 3 the mechanical impedance (right column) for the z direction is also shown. Even if some differences are evident, the mechanical impedance shown in general had a good agreement with the laboratory data. The most obvious differences were that the second peak is located at a lower frequency and the results for the two postures match each other better at low frequencies. 
Horizontal directions
The results for the y and x directions are shown in figures 4 and 5 respectively. The absorbed power in the y direction shows some resemblance with the laboratory data, except that the field results have a higher magnitude of 3-5 times. The mechanical impedance shows a more complex behaviour. In most cases the results from the field measurement show two peaks, at about the same frequencies as laboratory data. However, the level of the mechanical impedance differs, the field results show up to about 50% lower levels. Interestingly, the mechanical impedance for subject C shows about the same level as in the laboratory. In the x direction both absorbed power and mechanical impedance show greater differences between laboratory and field measurements. The results clearly indicate negative energy absorption for all subjects in the range 5-10 Hz. Mechanical impedance for all subjects show high magnitudes for both postures, which is not consistent with laboratory data.
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DISCUSSION
The aim of this study was to investigate if it is possible to quantify absorbed power and mechanical impedance by measurement in a real vehicle environment. The vibration magnitudes were very different in the three directions measured, and the z direction dominated the vibration at frequencies below 15 Hz ( figure I ). This, however, does not limit the possibilities to compare these results with earlier laboratory results. For both absorbed power and mechanical impedance, a good resemblance with the laboratory data was found for the z direction. Corresponding results for the horizontal directions did not show the same similarities. A higher absorbed power was found in both the x and y directions. The impedance in the y direction showed a better resemblance with laboratory results than the x direction. For the x direction, mechanical impedance with high values at low frequencies and with low values at high frequencies was found.
It can be stated from the results above that it seems to be possible to quantify the absorbed power and mechanical impedance in an actual driving environment. The measurements in z direction did resemble published single axis data 19.20.27.40.43 . This comparison did not seem to exist for the horizontal directions. The reasons for this cannot be fully answered on the basis of the results from this study alone. One reason, however, could be the low vibration magnitudes present in the horizontal directions, but this is unlikely. An earlier laboratory study" showed that an increase in vibration magnitude resulted in decreased normalised mechanical impedance magnitude. In the current results, the mechanical impedance magnitude was lower than in the laboratory study, where a higher vibration levels was used. Furthermore, unreasonably high mechanical impedance was found in the frequency range 2-6 Hz for the x direction.
The observations mentioned above can be caused by three things; either a defected or affected force and acceleration component, with respect to magnitude and phase, or any combination of them. One can, with good reason, assume that the acceleration component is not the cause. This is because acceleration is an input that affects the human body by producing a force, a change in acceleration gives a change in force. A force component could induce a movement, but it is not probable that it could actually move the whole vehicle. Since the path from the seat plate, which includes the accelerometer, through the seat, seat base frame and chassis is almost rigid, the force has to be so high that it can move the minibus's suspension. Ruling out acceleration, leaves force signal and/or phase for explanation. Studying the formulae for calculating absorbed power and mechanical impedance provides some clues:
Absorbed power
Mechanical impedance
The mechanical impedance magnitude is not affected by a change in phase, but by a change in force. However, the measure for mechanical impedance also includes phase information, but here only the magnitude is taken into account. Absorbed power is affected by both force and phase. Excluding acceleration, the only component that can change the magnitude of the mechanical impedance is force. Consequently, in the x direction a too high force component is probably present for all subjects. A possible source for this extra force could be a contribution originating from acceleration in any of the other directions. In building a model of upper body movement due to vertical whole-body vibration, Kitazaki and Griffin 44 showed that a fore-and-aft movement of the spine and rotation of the pelvis were generated. This movement could be the source of the force transfered to the x direction. Head motion with excitation in the z direction for seated subjects has also been shown to generate motion in other directions'<.
The force components in the x and y directions have consequently been affected by a force component generated by acceleration in the z direction. Since the results show a good resemblance between the laboratory and field measurements in the z direction, it is probable that the force component in that direction has been only slightly, if at all, affected by force components originating from acceleration in horizontal directions. This is also supported when acceleration levels for different directions are taken into consideration. The z direction acceleration is about 5 times higher than in horizontal directions, generating a force component at least 5 times higher. So, in this case a force generated in the x direction by movement in the z direction, which is 20 % of the force in the z direction, could either double or eliminate the force \04 signal in the x direction, depending on the phase between the two forces.
This reasoning is also supported by results from another laboratory study not published). The same three subjects were exposed to vibration in either x or y directions, while force and acceleration were measured in all three directions simultaneously. A flat spectra random acceleration (1-20 Hz, 0.25 ms· 2 rms) was used in the two directions x and y, for a rigid seat. The results are shown in figure 6 . As can be seen, exposure in the x direction generated a force component in the z direction. For the y direction, both x and z direction forces are generated, but they are lower than the forces generated by the x direction vibration, which supports the reasoning above. Even though these results do not show that there are a force in the x and y direction originating from vibration in the z direction, one can assume that the reverse is likely. However, this effect needs further investigation. A good understanding of the underlying mechanisms is of utmost importance in order to be able to measure and explain human response to multi-axis vibration. The observed negative absorption of energy in the x direction is another phenomenon which is not easily explained. However, the probable cause of the negative energy absorption is that there is a force contribution from other directions, as mentioned above. This could be explained by the force generated in the z direction transformed to the x direction. For example, at some stage, somehow, some parts of the body transform force from the vertical direction to the horizontal. This therefore generates a x direction force in the contact area of the seat. Findings by Kitazaki and Griffin''" supports this. The phase, as well as the magnitude of the force, has probably changed. This, together with the low vibration levels in the x direction, are probably the reasons for the appearance of negative energy absorption. Taking this a step further with reasoning as above, it would be reasonable to find that more energy in one direction entered the body. It is not possible to ascertain here how this affects the methods of evaluating vibration exposure, as in ISO 2631. However, since the phase between the force in one direction and the cross talk force can eliminate or double the force, it seems plausible to assume that the phase between the acceleration in different directions is of importance. This is not taken into account in the current ISO 2631. Furthermore, the ISO 2631 weightings are defined by Butterworth filters which do not retain phase information. This makes it almost impossible to build a multi-axis measure with maintained phase information of the weighted exposure. Possibly the absorbed power, which is a scalar quantity, can contribute to the standard in this respect, since it also takes many factors into account, such as posture and weight. There is also a possibility that this measure does not need to be frequency weighted.
In order to evaluate fully the biomechanical properties of the human body in an actual vibration environment, more studies of the effect of force components originating from other directions are needed. For instance, the level and linearity of force cross-talk need to be determined. Experiments with multi-axis vibration, where one or two directions are kept constant and one or two directions could be varied would, in this context, be of great interest.
This study has been performed on a rigid seat surface. The addition of a seat cushion would be likely to complicate things further because the acceleration signal would be contaminated by acceleration generated by the force generated by an acceleration in another direction. The reason for this is that the seat plate has the ability to move due to the soft and elastic layer and consequently to generate an acceleration.
The conclusions from this experiment are that the absorbed power and mechanical impedance can be measured and quantified under these circumstances. However, these results do not show the same behaviour as in single axis studies, which is due to the cross-talk of force components. Therefore the conclusion is that it seems unlikely that single axis data can be directly transferred to a multi-axis environment. This is a phenomenon that needs further investigation in order to be able to truly evaluate the effects of whole-body vibration on the seated human.
